We present optical photometry of 16 transits of the super-Earth GJ 1214b, allowing us to refine the system parameters and search for additional planets via transit timing. Starspot-crossing events are detected in two light curves, and the star is found to be variable by a few percent. Hence, in our analysis, special attention is given to systematic errors that result from star spots. The planetto-star radius ratio is 0.11610 ± 0.00048, subject to a possible upward bias by a few percent due to the unknown spot coverage. Even assuming this bias to be negligible, the mean density of planet can be either 3.03 ± 0.50 g cm −3 or 1.89 ± 0.33 g cm −3 , depending on whether the stellar radius is estimated from evolutionary models, or from an empirical mass-luminosity relation combined with the light curve parameters. One possible resolution is that the orbit is eccentric (e ≈ 0.14), which would favor the higher density, and hence a much thinner atmosphere for the planet. The transit times were found to be periodic within about 15 s, ruling out the existence of any other super-Earths with periods within a factor-of-two of the known planet.
INTRODUCTION
The recently discovered planet GJ 1214b (Charbonneau et al. 2009 ) is the smallest known exoplanet for which the mass, radius, and atmospheric properties are all possible to study with current technology. It is therefore a keystone object in the theory of planetary interiors and atmospheres, and has been welcomed as the harbinger of the "era of super-Earths" (Rogers & Seager 2010) .
The planet's discoverers estimated the mass and radius of GJ 1214b to be 6.55±0.98 M ⊕ and 2.68±0.13 R ⊕ , giving a mean density of 1.87±0.40 g cm −3 (Charbonneau et al. 2009) . This is such a low density that it would seem impossible for the planet to be solid with only a thin, terrestrial-like atmosphere. Rather, it seems necessary to have a thick gaseous atmosphere, probably composed of hydrogen and helium but possibly also of carbon dioxide or water (Charbonneau et al. 2009 , Rogers & Seager 2010 , Miller-Ricci & Fortney 2010 .
In this paper, we report on observations of additional transits of GJ 1214b. As in other papers in the Transit Light Curve (TLC) series (Holman et al. 2006 , Winn et al. 2007 ), one of our goals was to refine the basic system parameters, and thereby allow for more powerful discrimination among models of the planet's interior and atmosphere. Another goal was to check for any nonperiodicity in the transit times, as a means of discovering other planets in the system, through the method of Holman & Murray (2005) and Agol et al. (2005) . Superearths have frequently been found in pairs or even triples in compact arrangements (Lo Curto et al. 2010) , and it would be interesting to know if GJ 1214b is another such example.
This paper is organized as follows. Section 2 describes the observations and data reduction. Section 3 presents the light curve model, taking into account the effects of starspots. Section 4 discusses the method by which we estimated the model parameters and their confidence intervals. Section 5 discusses the results for the planet-to-star radius ratio. Section 6 presents two different methods for determining the stellar radius (and hence the planetary radius), which give discrepant results. Some possible resolutions of this discrepancy are discussed. Section 7 presents our analysis of the measured transit times, and constraints on the properties of a hypothetical second planet. Finally, in Section 8, we discuss the implications of our analysis on the understanding of GJ 1214b and more broadly on M dwarf transit hosts.
OBSERVATIONS AND DATA REDUCTION
Our data were gathered during the 2009 and 2010 observing seasons. Thirteen transits were observed with the 1.2m telescope at the Fred L. Whipple Observatory (FLWO) on Mount Hopkins, Arizona, using Keplercam and a Sloan z ′ filter. The blue end of the bandpass was set by the filter (approx. 0.85 µm) and the red end by the quantum efficiency of the CCD (ranging from nearly 100% at 0.75 µm to 10% at 1.05 µm). The first two of the FLWO transits were already presented by Charbonneau et al. (2009) ; those data have been reanalyzed for this work. Another three transits were observed with the 6.5m Magellan (Baade) telescope at the Las Campanas Observatory in Chile, with the MagIC and IMACS cameras and a Sloan r ′ filter (approx. 0.55-0.70 µm) We used standard procedures for bias subtraction and flat-field division. Circular aperture photometry was performed for GJ 1214 and several comparison stars (5-6 for the FLWO images, and 2 for the Magellan images). Cir-cular annuli centered on each star were used to estimate the background level. The flux of GJ 1214 was divided by the sum of the fluxes of comparison stars, to produce a relative flux time series for GJ 1214. The radii of the apertures and annuli were varied in order to seek those values that minimize the scatter in the residuals, while also producing a minimal level of time-correlated noise, as determined by the wavelet-based algorithm described by . Because the amplitude of the correlated component was always 1% of that of the white component, in what follows we assume the noise to be uncorrelated in time. Each measurement was associated with a time stamp given by the midexposure time expressed in the BJD TDB system (Eastman et al. 2010) . Fig. 1 shows the light curves, after correcting for differential airmass extinction as described in § 4. Fig. 2 gives a clearer view of two of the Magellan light curves (epochs 5 and 260), which show evidence for anomalous brightening events during the transit. The data points corresponding to these events are shown with unfilled circles, rather than gray circles. Correlations were sought between the flux observed during these events, and various image statistics such as the median X and Y pixel position, the shape parameters of the point spread function, and the background level, but none were found. We interpret each of those events as the passage of the planet in front of a dark starspot, as has been observed by Rabus et al. (2009) and others for different transiting systems.
TRANSIT LIGHT CURVE MODEL
The evidence for starspots on GJ 1214 caused us to make a few changes to the usual models for transit photometry. Cool starspots on the visible hemisphere of the star can produce two different effects: when they are on the transit chord, they cause brightening events in the light curve such as those we observed; and when they are away from the transit chord, they reduce the overall brightness of the star and increase the fractional loss of light due to the planet. The latter effect causes the planet to appear larger than it is in reality, by producing a deeper transit.
3.1. Loss of light due to starspots During a transit, the flux received from a spotted star can be written
where F 0 is the flux that would be received from an unspotted and untransited star, ǫ(t) is the fractional loss of light due to starspots, and ∆F (t) is the flux that is blocked by the planet. The factor ǫ(t) changes on the timescale of the stellar rotation period (∼ months), while ∆F (t) changes on the much shorter timescale of the transit (∼ hours). It is convenient to normalize the light curve by the flux measured just outside of the transit,
where ǫ is taken here to be a constant for the duration of the transit. The quantity ∆F (t)/F 0 is the fractional loss of light due to the transit, which can be calculated in the usual way. In this work we use the formulas of Mandel & Agol (2002) for a quadratic limb-darkening law. Thus, our model adds one new parameter ǫ specific to each transit. A similar model was used for Corot-2b by Czesla et al. (2009) . With infinite photometric precision, ǫ could be determined from a single transit light curve based on the slight differences in the ingress or egress data as compared to a spot-free model. However, the differences are typically no greater than a few parts per million, and will be difficult to detect in practice (see the right panel of Fig. 3) . Consequently, there is a strong degeneracy between ǫ and the planet-to-star radius ratio R p /R ⋆ , in the sense that increasing either parameter results in a deeper transit with no other observable changes. If the spots produce an overall darkening (ǫ ≥ 0) then the measured transit depth δ (corrected to remove the effects of limb darkening) can only be used to place an upper bound on the radius ratio:
If the spot coverage is time-variable, then the transit depth will vary from event to event. One may hope that the shallowest observed transit corresponds to a time when the visible disk was nearly free of spots, thereby allowing the planet-to-star radius ratio to be measured with minimal bias. However, there is no guarantee that the spot coverage ever falls to zero.
3.2. Spot crossings during transit When the planet transits a cool spot, the fractional loss of light temporarily decreases, and a brightening is observed in the light curve. The duration and amplitude of the brightening event depends on the size of the spot and the intensity contrast with the unspotted stellar photosphere. If the spot is approximately the same size as the planet, and is completely occulted, then the brightening event will have a duration of approximately twice the transit ingress duration. For a circular spot, the amplitude of the brightening event is
where R s and I s are the radius and mean intensity of the spot, and I ⋆ is the mean intensity that the photosphere would have at that location in the absence of spots. Rather than modeling the spots (e.g., Wolter et al. 2009 ) and fitting for the brightening events, we chose the simple approach of identifying the brightening events visually, and assigning those data zero weight in the fitting process. For the Magellan data, the identification could be performed without much ambiguity, and the "excised" data are shown in Figs. 1 and 2 . For the FLWO data, no brightening events were obvious to the eye. This is probably due to a combination of the lower precision of the FLWO data, and the weaker contrast between the spots and the photosphere at the longer wavelengths of the FLWO observations (z ′ band as compared to r ′ band). In particular, the anomalies we observed at epochs 5 and 260 have a duration of approximately twice the ingress duration, and therefore the typical spots are likely Each panel shows transit light data (after correcting for airmass variation), the bestfitting model, and the residuals (observed − calculated, in parts per thousand). Unfilled circles represent the suspected "spot anomalies" that were assigned zero weight in the fitting process. The data from epochs 5, 212, and 260 are based on r ′ -band observations with the Magellan Clay 6.5m telescope. The other data are based on z ′ -band observations with the FLWO 1.2m telescope.
to be comparable in size to the planet. The observed amplitudes of 2-3 ppt (parts per thousand) give a constraint on the spot size and the intensity contrast. The lowest possible intensity contrast is obtained for the largest possible spots, with R s ≈ R p . In that case, assuming the unspotted photosphere and the spots to be described by blackbody spectra, the spot temperature would be T s ≈ 2900 K as compared to the photospheric temperature of 3026 K (Charbonneau et al. 2009 ). Had we observed those same events in the z ′ band, the brightening amplitude would have been ≈1.5 ppt, just below the 1σ level of the noise in each data point. Smaller spots would need to have a greater intensity contrast, leading to a greater temperature difference and an even smaller predicted amplitude in the z ′ band. In this light it is not surprising that we did not detect similar starspot events in our z ′ -band data. In what follows we assume that the z ′ -band data are unaffected by spot-crossing events. Of course it is possible that smaller or less luminous starspots were transited during our observations, and that the transit depths are "filled in" to some degree by brightening events that cannot be identified visually in the light curves. However, the reasoning in the preceding paragraph suggests that this effect is minor. Furthermore, we did not find any evidence for time correlated noise in our model residuals.
Using transit durations to estimate the radius ratio
As discussed, the effect of dark spots on the visible disk of the star is to increase the fractional loss of light during the transit, causing the planet to appear larger than it is in reality. This may be counteracted to some degree by the "filling in" of the transit due to spot occultations, if those events cannot be recognized and excised from the data. This caused us to wonder what one could still learn about the planet if the transit depth cannot be trusted.
The transit light curve provides three primary observables: the total transit duration T tot , the ingress or egress duration τ , and the depth δ. If one also knows the orbital period P , eccentricity e, and argument of pericenter ω, then one can translate the transit observables into three parameters more directly related to the star-planet system. One possible choice of three "physical" parameters is the planet-to-star radius ratio R p /R ⋆ , the orbital inclination i, and the mean stellar density ρ ⋆ (see, e.g., Carter et al. 2008 or Winn 2010 . Usually, the value of ρ ⋆ derived in this way is used to improve the characterization of the host star (see, e.g., Sozzetti et al. 2007 ). However, if one is willing to adopt a value for ρ ⋆ based on external information (such as the star's observed luminosity and spectrum), then the two observables T tot and τ are sufficient to specify the other two physical parameters i and R p /R ⋆ .
Hence one may derive R p /R ⋆ based on T tot and τ alone, without any reference to δ. The result of straightforward algebra is
where G is the gravitational constant. For cases where star spots are likely to be present, this "duration-based" method of deriving R p /R ⋆ is a useful alternative to the usual "depth-based" method, and it may be more accurate in situations when ρ ⋆ is well constrained. The duration-based method is immune to the bias that is caused by starspots outside of the transit chord, although one must still be wary of starspot anomalies that occur during ingress or egress. As we will describe, for GJ 1214 we considered both depth-based and durationbased methods to estimate R p /R ⋆ .
TRANSIT LIGHT CURVE ANALYSIS
We modeled the data that are plotted in Fig. 1 using the approach represented by Equation (1). Each transit was assigned a parameter ǫ, representing the fractional loss of light due to spots on that night. Since a degeneracy prevents the determination of all of the ǫ values along with R p /R ⋆ , we fixed ǫ = 0 for the transit with the shallowest depth (epoch 236, UT 2010 June 5) and allowed all the others to be free parameters. This is equivalent to assuming that the visible stellar disk had no spots on that particular night. The results can be scaled appropriately for any assumed value of the spot coverage on that night.
We used the Mandel & Agol (2002) equations to calculate ∆F/F 0 , assuming a quadratic limb-darkening law. The orbit was assumed to be circular. The time of conjunction t c for each transit was allowed to be a free parameter, but for the limited purpose of computing the scaled orbital distance a/R ⋆ , we assumed the orbital period to be 1.5803925 days (Charbonneau et al. 2009 ). We also allowed the out-of-transit magnitude on each night to be a linear function of airmass, in order to allow for color-dependent differential extinction between GJ 1214 and the bluer comparison stars.
All together, there were 70 model parameters: R p /R ⋆ , a/R ⋆ , i, u r and v r (the r ′ -band limb darkening coefficients), u z and v z (the z ′ -band limb darkening coefficients), ǫ j (for j = 1 to 15), t c,j (for j = 1 to 16), and two constants specifying the linear airmass correction for each of the 16 transits. We determined the posterior probability distributions for these parameters with a Markov Chain Monte Carlo (MCMC) algorithm, using Gibbs sampling and Metropolis-Hastings stepping (see, e.g., Tegmark et al. 2004 , Holman et al. 2006 ). The likelihood was taken to be exp(−χ 2 /2), with
where F is the measured flux, F is the calculated flux, and σ k is root-mean-square of the residuals from the bestfitting model specific to each night. The data from the suspected spot-induced anomalies during epochs 5 and 260 were excluded from this sum. Figures 1 and 2 show the minimum-χ 2 solution (black curve) and the residuals for each night. Figure 4 shows the time-binned composite z ′ and r ′ light curves, with 2 minute sampling. The data were combined after correcting the depths for spot variability [such that Table 1 gives the results for each parameter, based on the 15.8%, 50%, and 84.2% values of the cumulative posterior distribution for each parameter, after marginalizing over the other parameters. This table also gives some other parameters based on subsequent steps in the analysis, described in the sections to follow.
In order to assess any possible transit duration variations, we also performed a second analysis, in which the orbital inclination i was allowed to be a free parameter specific to each night. Table 2 gives the transit depth sit duration for each epoch. The depths are plotted as a function of epoch in Figure 5 . Figure 6 shows the durations, and the residuals from a linear ephemeris, as a function of epoch.
THE PLANET-TO-STAR RADIUS RATIO
Despite our concerns about the effects of starspots on the light curves, we did not find any significant variation of the transit depth or and duration with time, and we did not find any significant departure from a linear ephemeris. In addition, the out-of-transit flux of GJ 1214 measured directly from the images was constant to within a few percent over the course of our observations (see Figure 7) . There was apparently a decline by 1-2% between 2009 and 2010, followed by a gradual 1-2% rise throughout our 2010 observations. This should have been accompanied by 1-2% variations in the measured transit depth, which is beneath our typical measurement precision of 5%, and hence it is not surprising that no such trend was observed.
Based upon this finding, one way to estimate the planet-to-star radius ratio is to assume that spots have not significantly affected the transit depth. We may then calculate the radius ratio based on the variance-weighted average of the 16 transit depths
= 0.11610 ± 0.00048.
where the average is taken over all epochs j. This result for the radius ratio is slightly smaller than that reported 9.0 ± 1.5 g 12.2 ± 1.9
Note. - †Parameters calculated assuming an empirical luminosity-mass relationship (see § 6.1 for details). ‡Parameters constrained to the Baraffe et al. (1998) stellar evolution isochrones (see § 6.2 for details). a = Determined from a linear fit to the midtransit times listed in Table 2 . b = Determined by taking the square root of the variance weighted average of the depths listed in Table 2 (see § 5 for details). c = Assuming epoch 236 coincides with the spot-free stellar surface. d = As calculated with Eqn. 5. e = Charbonneau et al. (2009) . f = Estimated from transit parameters as ρ⋆ = (3π)/(GP 2 )(a/R⋆) 3 . g = Estimated from transit parameters as (2π/P )K⋆(a/Rp) 2 (sin i) −1 (Southworth et al. 2008) . Table 2 ). in the discovery paper (0.11620 ± 0.00067; Charbonneau et al. 2009 ), but the two results are consistent to within the uncertainties.
Due to time variability of starspots at the 1-2% level, this estimate is subject to a bias of a few percent, in the sense that the planet-to-star radius ratio may actually be a few percent smaller than 0.11610. An even more conservative stance would recognize that we cannot exclude even larger effects due to the time-independent component of the starspot coverage (if, for example, the poles of the star were persistently darker than the rest of the photosphere). In that sense we can only place an upper bound on the radius ratio: R p /R ⋆ ≤ 0.1161 at 95% confidence (based on the marginalized posterior distribution produced by the MCMC algorithm).
It should also be noted that the r ′ -band transit depth (1.383% ± 0.035%) was found to be slightly larger than the z ′ -band transit depth (1.340% ± 0.017%), although the difference is only at the 1-2σ level. A deeper r ′ -band transit is expected if cool starspots are affecting the results. In contrast, models of the atmosphere of GJ 1214b generally predict that the transit depth should have the opposite wavelength dependence, with a deeper z ′ -band transit (see, e.g., Fig. 3 of Miller-Ricci & Fortney 2010). Those who would attempt to attribute any slight wavelength-dependence of the transit depth to the planetary atmosphere should beware of the confounding effects of starspots.
THE RADIUS OF THE PLANET
In order to understand the structure and atmosphere of GJ 1214b, we want to know its radius, rather than just the planet-to-star radius ratio. This requires some externally derived estimate of the stellar radius, or mass, or both. As we will describe, we have investigated two different pathways to the planetary radius, relying on different assumptions, and found them to give inconsistent results. The results of both of these methods, including a number of derived stellar and planetary parameters, are given in Table 2 . This inconsistency had already been noted by Charbonneau et al. (2009) , but here we delve further into the details and discuss possible resolutions. 6.1. Method A: Empirical mass-luminosity relation, and transit-derived stellar mean density In the first method, the stellar mass is estimated based on its observed luminosity (parallax, and apparent magnitude). Then, the stellar radius is found by combining the stellar mass with the mean stellar density ρ ⋆ derived from the transit light curve,
which, for M p ≪ M ⋆ , is only a function of the photometrically-determined parameters a/R ⋆ and P . We begin with the K-band mass-luminosity function of Delfosse et al. (2000) . For GJ 1214, with a parallax π = 77.2 ± 5.4 mas and apparent K magnitude 8.782 ± 0.020, we used the polynomial function given by Delfosse et al. (2000) to estimate M ⋆ = 0.157±0.012 M ⊙ , where the uncertainty is based only on the propagation of errors in π and K. There should be additional uncertainty due to the intrinsic scatter in the mass-luminosity relation, but this intrinsic uncertainty was not quantified. Charbonneau used the same method and reported M ⋆ = 0.157 ± 0.019 M ⊙ .
Next, using a/R ⋆ = 14.71 ± 0.35, as derived from our ensemble of light curves, we found the mean stellar density to be ρ ⋆ = 24.1 ± 1.7 g/cm 3 . By combining M ⋆ and ρ ⋆ we found the stellar radius to be
Finally, assuming that our transit depths were not affected by starspots (i.e., ǫ j ≡ 0) we used the radius ratio derived from our observations, R p /R ⋆ = 0.11610 ± 0.00048, to compute the planetary radius:
This is in agreement with that found by Charbonneau et al. (2009) , who found R p = 2.678±0.130 R ⊕ . Taking the more conservative stance that spots may have biased the radius ratio measurement, we may set an upper bound on the radius of the planet: R p ≤ 2.81 R ⊕ with 95% confidence.
6.2. Method B: Stellar evolutionary models The mass-luminosity relationship of Delfosse et al. (2000) has the virtue of being highly empirical, as it is based on observations of astrometrically resolved, detached eclipsing binaries with measured parallaxes. However, with only 16 systems as inputs, the empirical relation cannot be expected to account for all the relevant variables such as age and metallicity. An alternate approach is to trust theoretical models of stellar evolution, which predict the radius of a star as a function of its mass, age, and metallicity, and are calibrated by observations when possible.
To try this approach, we used the stellar evolutionary models of Baraffe et al. (1998) , which are presented as a series of stellar parameters as a function of age (isochrones) for a given metallicity. Since the metallicity of GJ 1214 is unknown we assumed a solar metallicity. We assigned a likelihood L(j) ∝ exp[−χ 2 (j)/2] to every isochrone entry j such that
where {p k } is the set of stellar parameters that is subject to observational constraints (e.g. absolute magnitudes in certain bandpasses), σ p k are the corresponding 1σ uncertainties, and ∆p k are the differences between the isochrone values and the "observed" values. Then, the most likely value for a given stellar parameter p (such as stellar radius) was found by taking a weighted average over all the isochrone points,
The uncertainty in this parameter is taken to be the square root of the weighted variance, i.e., σ p = p 2 − p 2 where averages are taken as defined above.
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We used this technique with constraints based on the observed apparent magnitudes in the J, H, and K bandpasses and the parallax, all from Charbonneau et al. (2009) . The results were M ⋆ = 0.131 ± 0.044 M ⊙ and R ⋆ = 0.191 ± 0.019 R ⊙ . This method gives a significantly lower mass than the first method. This difference is almost entirely due to the additional degree of freedom of the stellar age: the theoretical evolutionary tracks allow for GJ 1214 to have any age, while the Delfosse et al. (2000) relation is a consensus result based on a fit to stars of varying age, most of which are probably older than a few Gyr.
This naturally raises the question: what is known about the age of GJ 1214? As noted by Charbonneau et al. (2009) , and confirmed in this work, the optical light variations of GJ 1214 are only a few percent in amplitude, suggestive of a more mature star. Moreover, age estimates based on the star's space velocity and the estimated stellar rotation period also favor an older star, leading Charbonneau et al. (2009) to estimate an age of 3-10 Gyr. To account for this evidence, we repeated our isochrone analysis but with a prior constraint on the stellar age. Specifically, we used a Gaussian prior on log 10 (age) with a median value of 10 and a standard deviation of 0.4. With this extra constraint, the stellar mass was found to be M ⋆ = 0.156 ± 0.006 M ⊙ , in excellent agreement with the results of the first method.
This substantiates our claim that the main difference between the two methods of estimating the stellar mass is the treatment of stellar age. However, there remains a significant discrepancy in the stellar radius. The evolutionary models with the "old age" prior give
which is about 15% smaller than the result of the first method. Again taking the radius ratio to be R p /R ⋆ = 0.11610 ± 0.00048, the planetary radius is
6.3. Possible resolutions of the two methods To summarize the preceding results, we have investigated two methods of estimating the stellar mass and radius based on the available information. The two methods can be made to agree on the stellar mass, but they refuse to agree on the stellar radius. The first method is based on an empirical mass-luminosity relation, and the stellar mean density derived from the transit light curve. The second method is based on stellar evolutionary models constrained by the infrared absolute magnitudes and an assumed age 1 Gyr. The first method gives a stellar radius that is larger by 15%, which is approximately 4.5 times larger than the internal uncertainty in either estimate. The discrepancy is even starker if one compares the mean stellar density derived from the transit light curve (24.1 ± 1.7 g cm −3 ) with that derived from the stellar evolutionary models (38.4 ± 2.1 g cm −3 ), as they disagree by 7σ.
It has long been appreciated that stellar evolutionary models have trouble predicting the masses and radii of M dwarfs in detached eclipsing binary systems (see, e.g., Hoxie 1973 , Lacy 1977 , in the sense that the models tend to underpredict the observed radius for a given mass by about 10% (Ribas 2006) . It was for this reason that Charbonneau et al. (2009) discounted the results based on the evolutionary models, and why subsequent authors have done the same in their discussions of GJ 1214. However, it has recently been argued that the failings of the evolutionary models are confined to the mass range 0.3-0.7 M ⊙ , and even more specifically to stars that have been tidally spun up (and made more active) by a close stellar companion (see, e.g., Torres et al. 2006 , López-Morales 2007 , Morales et al. 2008 . Stars below a threshold mass of ≈0.32 M ⊙ are expected to be fully convective, and seem to be well described by the evolutionary models (see, e.g., López-Morales 2007, Demory et al. 2009 , Vida et al. 2009 ). To the extent this is true, we would not expect GJ 1214-a single, low-activity star of mass <0.3 M ⊙ -to be affected by the problems that plague the theories of earlier-type M dwarfs in close binary systems.
We are thereby motivated to seek alternative resolutions to the discrepancy between the two methods of estimating the mass and radius of GJ 1214. Of course there is always the possibility that a key input such as the parallax or infrared magnitude is faulty, but in the sections to follow we discuss some possible resolutions in which all of the data are taken at face value.
A metal-poor star?
We have worked exclusively with solar metallicity isochrones. Lower-metallicity isochrones generally predict a larger radius for a given mass, in the relevant region of parameter space. Schlaufman (2010) have presented a simple method to estimate the metallicity of an M dwarf based on its observed V and K magnitudes. For GJ 1214, his method gives [Fe/H]= −0.16, suggesting that the star is only moderately metal-poor. This value for the metallicity would not affect the theoretically predicted radius by enough to resolve the discrepancy. López- Morales (2007) found that the Baraffe et al. (1998) isochrones predict a variation in stellar radius of only about 3% for metallicities ranging from 0.0 to −0.5. Moreover, for a sample of low-mass stars with −0.5 <[Fe/H]< 0, Demory et al. (2009) showed that there is no significant correlation between measured metallicity and the fractional difference between the measured stellar radius and that found assuming solar metallicity. Therefore, while it is possible that GJ 1214 is a metal-poor star, we do not consider this to offer a likely resolution of the discrepancy we have noted between the two methods of estimating the stellar radius.
A young star?
If the star were relatively young and still contracting onto the main sequence, then the evolutionary models would predict a larger radius, relieving the discrepancy. To investigate this possibility we repeated our isochrone analysis, but this time with a flat prior on the stellar age and a Gaussian prior on the stellar mean density to conform with the transit light curve analysis. The result was that the age of the star must be about 100 Myr. This would conflict with the evidence for an older age, namely, the observed lack of strong chromospheric activity and the kinematics (see § 6.2). There is also the low probability that we would happen to observe this star at such an early phase of its long life. For these reasons, a young age for GJ 1214 does not seem to be a promising solution.
A starspot-corrupted estimate of a/R⋆?
It is conceivable that unidentified starspot anomalies have significantly biased our estimate of a/R ⋆ from the transit light curves (see § 3.1). Could this be responsible for the 7σ discrepancy in ρ ⋆ between the two methods of characterizing the star? If this were the case, then the more trustworthy estimate of ρ ⋆ would be the value from the isochrone analysis.
This seems unlikely, partly because the residuals to our transit light curves do not display any anomalies beyond the two that we have already identified, and partly because in this scenario it would be difficult to understand the collection of transit depths. Specifically, we can use the value of ρ ⋆ from the evolutionary models as an input to Equation (5), to derive the planet-to-star radius ratio. The result is R p /R ⋆ = 0.15 ± 0.01. This conflicts with the upper limit R p /R ⋆ ≤ 0.1161 that we derived in § 5, under the assumption that the transit depths are affected by cool spots on the stellar disk. Thus, one would have to suppose that nearly all of the transit depths were biased to smaller values by numerous starspot crossings throughout the transits. We do not consider a conspiracy of starpot anomalies to be a satisfactory solution to the problem.
Is the orbit eccentric?
If the orbit of GJ 1214b is not circular, then the parameter that is being determined by the light curve analysis is not a/R ⋆ and our application of Equation (8) is erroneous. The correct procedure must take into account the speed of the planet at inferior conjunction, which is a function of the eccentricity and argument of pericenter (see, e.g., Eqns. 16 and 27 of Winn 2010 or Kipping 2010 . The end result is that the mean density of the planet would be modified as follows
where ρ ⋆, circ is the mean density that is calculated under the assumption of a circular orbit. Therefore, it might be possible to reconcile the two different methods for estimating the stellar density, for suitable choices of e and ω.
The orbital eccentricity has been assumed to be zero, because of the expectation that tidal dissipation has damped out any initial eccentricity to 10 −3 or below. However, the published RV data only permit a coarse upper limit of e<0.27 with 95% confidence (Charbonneau et al. 2009 ). To investigate the possibility of an eccentric orbit, we assumed that the isochrone-based estimate of the mean stellar density (38.4 ± 2.1 g cm −3 ) is accurate. We then derived the constraints on the orbital eccentricity that would be required for consistency with the transit light curve analysis. The minimum eccentricity is obtained for the case ω = 90
• , corresponding to transits occurring at pericenter. In that case, e = 0.138 ± 0.034. Solutions with e < 0.27 can be found for values of ω between 25
• and 155
• . The only objection is that tidal dissipation should have damped out this eccentricity. The characteristic circularization timescale is τ c ∼ 10 Myr assuming a tidal quality factor Q p = 100 for the planet, a rough orderof-magnitude estimate for a solid planet. This is much shorter than the estimated stellar age. For an icy body like Neptune with Q p ∼ 10 4 − 10 5 , the circularization timescale would be 1-10 Gyr, which is at least not overwhelmingly shorter than the system age. The mechanisms and timescales for tidal dissipation are not understood from first principles, and are poorly constrained by observations. And it should be kept in mind that all of the known transiting Neptune-like planets (GJ 436, Kepler-4, and HAT-P-11) all have significantly eccentric orbits. For these reasons, of all the possibilities we have discussed, we find an eccentric orbit to be the most attractive solution to the radius discrepancy problem.
ANALYSIS OF MIDTRANSIT TIMES: LIMITS ON PERTURBER MASS
We recalculated the transit ephemeris utilizing 14 of the 16 midtransit times given in Table 2 . We excluded the two midtransit times inferred from partial transit light curve data (epochs 195 and 200) , out of concern that the second-order airmass correction could not be determined as well in those cases. We fitted a linear function of transit epoch E,
The results were T c (0) = 2454980.7487955 ± 0.000045 (BJD TDB ) and P = 1.58040482 ± 0.00000024 days and the fit had χ 2 = 19.2 with 12 degrees of freedom. Formally the fit is inconsistent with the linear model with 90% confidence, but we do not consider this to be a significant detection of timing anomalies. The right panel of Fig. 6 shows the residuals to the linear fit. This plot also shows four data points from Charbonneau et al. (2009) , which are consistent with the linear model.
Since there is no clear evidence for transit timing variations (TTVs), we may use the timing data to place upper limits on the mass of a hypothetical second planet that would perturb the orbit of the transiting planet. To do so, we used an implementation of the algorithm advocated by . We explored the parameter space of the hypothetical perturber's mass and orbital period and phase. We assumed the orbits of the perturber and GJ1214 were circular and coplanar. Regions in parameter space yielding dynamical instability, determined following the prescription by Barnes & Greenberg (2006) , were not sampled. For each orbital period ranging from 0.3-8 days and sampling all orbital phases, the mass of the perturber was increased until the computed transit times would fit our data ∆χ 2 = 9 worse than a linear ephemeris; this mass is interpreted as a 99.7% confidence upper-limit. Fig. 8 shows the constraints on the perturber mass as a function of period ratio, as determined from this analysis. For reference, on the right-hand axis we have included the masses of GJ 1214b (6.6 M ⊕ ), the Moon (0.01 M ⊕ ), and Eris (0.003 M ⊕ ). In this plot we have also indicated the zones of dynamical instability, and of potential habitability (equilibrium temperature between 273-373 K, for an assumed albedo of zero). We have also plotted a line corresponding to an RV amplitude of 2 m s −1 , probably the best achievable detection limit based only on RV observations for the near future.
The mass constraints on the perturber are more restrictive near the mean-motion resonances and most restrictive at the low-order resonances, particularly for the interior and exterior 2:1 resonances. For example, a perturber at the interior 2:1 resonance having mass near that of Eris would have induced detectable TTVs with the present data.
DISCUSSION
One of our goals in this study was to improve on the estimates of the basic parameters of GJ 1214b. Yet despite having undertaken many high-precision observations of transits, we have not significantly improved on the estimate of the planetary radius. In fact, our analysis has led us to conclude that the radius is even more uncertain than had been recognized previously. This is for two reasons. First, the clear evidence for starspots in our most precise light curves has caused us to consider the possible effects of stellar activity on the analysis of transit photometry. Second, and more importantly, we have found a significant disagreement between two methods of estimating the stellar and planetary dimensions, with no good reason why either one should be disregarded or considered less trustworthy. Both of these complications were known prior to this work (e.g., Charbonneau et al. 2009 ), but we have brought them into sharper focus.
The problem of star spots can be mitigated by observing in longer-wavelength bandpasses. This is because the flux contrast between two blackbodies of different temperatures is a decreasing function of wavelength. For example, if we assume the particular starspots that produced anomalies in our data are approximately the same size as the planet, then they are ≈150 K cooler than the stellar photosphere (see § 3.2 for details). This corresponds to a surface-brightness ratio of about 0.67 between the spots and the surrounding photosphere, at an observing wavelength of 0.6 µm. At 3.5 µm, the surfacebrightness ratio would be about 0.91, representing a smaller contrast and correspondingly smaller starspotinduced effects.
The problem of the stellar radius will be more difficult to solve, and there is much at stake. The mean planetary density could be 1.89±0.33 g cm −3 or 3.03±0.50 g cm −3 , depending on which route is taken to estimate the stellar radius. The lower density would imply that the planet must have a dense gaseous atmosphere, for which there are many intriguing possible origins and compositions (Rogers & Seager 2010 , Miller-Ricci & Fortney 2010 . In contrast, the higher density could be consistent with a solid planet with a very thin (or nonexistent) atmosphere. We have discussed several possible resolutions of this discrepancy, and argued that the most attractive possibility is that the planet has an eccentric orbit, e ≈ 0.14. This hypothesis can be tested by gathering additional RV data, or by measuring the time of occultation of the planet by the star. Neither task will be easy. Assuming the minimum detectable eccentricity to vary inversely as the square root of the number of RV data points, one would need approximately 4 times as many data points (with the same precision as the existing data) for a 2σ detection of an eccentricity of 0.14. Likewise, the occultation depth is expected to be smaller than 0.1% at 3.5 µm, the region accessible to the Spitzer space telescope, which probably offers the best prospects for such a detection.
This experience with GJ 1214 invites some broader remarks about the suitability of M dwarf stars as targets in surveys for transiting planets. The advantages of M dwarfs have been discussed by Nutzman & Charbonneau (2009) , among others. Their smaller radii and masses allow for smaller planets to be detected, at a given signalto-noise ratio. They are numerous in our Galactic neighborhood. Transits of planets in the habitable zone in particular are more probable and, hence, more frequent than they are around higher-mass stars. These are decisive advantages, fully justifying the ongoing efforts that concentrate exclusively on M dwarfs. However, there are two disadvantages of low-mass stars. They tend to have larger spots and an overall higher level of stellar activity than more Sun-like stars, which will interfere with the measurement of the basic transit parameters (c.f. Seager & Deming 2009 ). And, it will be harder to obtain reliable estimates of the stellar mass and radius, because of possible limitations of stellar evolutionary models in the range 0.3-0.7 M ⊙ and, more generally, because of our more limited empirical knowledge of the lowest-mass stars.
